Abstract-Wireless power transfer via a dielectric loaded multi-moded split cavity resonator (SCR) is proposed. Unlike conventional inductive resonant coupling, the scheme enables the control of both the real and imaginary parts of the transfer impedance. It is demonstrated through measurements that the inclusion of dielectric resonators (DRs) tuned to the SCR T E012 mode, significantly enhances the system figure of merit and optimal efficiency. The effect of the DRs is shown to be related to the resonant coupling of the DRs T E 01δ and SCR modes, resulting in an electromagnetic induced transparencylike window. An efficiency of 70% is achieved when the transfer distance is 7 cm, or half wavelength. Additionally, it was shown that the efficiency is above 40% over a relatively wide bandwidth and a wide range of optimum load impedance.
I. INTRODUCTION
W IRELESS Power Transfer (WPT) has gained immense interest in the last decade due to its vast potential applications in existing and emerging domains such as in powering appliances, gadgets, electric vehicles and internet of things. Resonant inductive (or capacitive) coupling provide a promising mean of WPT due to its high efficiency over midrange distances [1] , [2] .
Resonant coupling methods rely on the mutual coupling between relatively high Q resonators. The strength of coupling can be quantified via the unit-less coupling coefficient κ. In terms of circuit elements, κ is directly proportional to the mutual coupling M between the different resonators. For a general electromagnetic resonators, it is the net overlap of electromagnetic fields of resonant modes [3] . To reduce unnecessary intrinsic losses, it is desirable to maximize the source and receiver intrinsic Q factors. Due to their very high Q values, the modes of Dielectric Resonators (DRs) have been exploited to transfer power efficiently over mid-range distances [4] , [5] . The performance of resonant coupled schemes correlates directly with the product κQ, which represents the system Figure of Merit (FOM).
On the other hand, the modes of cavity resonators were exploited to transfer power within an enclosure [6] - [8] . This approach allows power to be transferred to almost any point in a 3D region. By capacitively loading a rectangular cavity, quasi-static modes can be supported, where the electric field Chinmoy Saha is also with Indian Institute of Space Science and Technology,Thiruvananthapuram, Kerala, India.
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A moderately high r DR placed inside a conducting cavity was shown to strongly interact with the cavity modes [10] . Placing two DRs, which are practically uncoupled from one another, creates an electromagnetic induced transparency like (EIT-like) window. Through this window, it was theoretically shown that efficient power transmission can be made possible [11] . Additionally, a split cavity resonator (SCR) was used instead of the fully cavity and it was shown that, via the EITlike pathway, high efficient WPT is still possible.
In the current manuscript, we examine multi-moded SCR or SCR loaded with two DRs (DR2SCR) resonators as schemes for efficient WPT. A framework based on a combination of electromagnetic analysis and network theory is applied. Section II briefly describes the approach and highlights the main electrical parameters. It will be shown that the framework allows the abstraction of the FOM and expresses it in terms of generic circuit parameters that are valid for arbitrary WPT systems. The geometry and dimensions of the SCR and DR2SCR structures are presented in Section III. In this section, more details on the network theory approach, in the context of SCR and DR2SCR schemes, will be provided. Furthermore, simulation results and modes identifications are discussed. Section IV presents experimental results, compares to simulations, discusses the findings, and relates to the circuit parameters and interactions of modes.
II. THEORETICAL BACKGROUND
As mentioned in Section I, coupled resonators enable WPT via the possible electromagnetic coupling between them and their high Q values. The figure of merit (FOM) of a WPT system can be expressed as the product κQ. From a circuit theory perspective, the coupled resonators is modelled as a two port network, thus allowing the FOM to be written in terms of circuit parameters 
where Z mn = r mn + jx mn is the (m, n) element of the Z matrix [12] , [13] . FOM is an extended κQ expression that is valid for an arbitrary two port network. Equation (1) reveals that the FOM depends on the relative magnitudes of the transfer components r 21 and x 21 with respect to the product of self resistor values r 11 and r 22 . Accordingly, (1) can be conveniently re-written as
where r n ≡ r 21 / √ r 11 r 22 and x n ≡ |x 21 |/ √ r 11 r 22 . Therefore, the FOM can be enhanced by increasing r n and/or x n . The circuit in Fig. 1(a) represents the model of a generic system of two inductively coupled resonators. Assuming that
Additionally, r ii = R i , which are the self resistances of the two resonators. Hence to improve the FOM, one strives to maximize the value of x n , which can be achieved via (1) the increase of the mutual coupling (moving the resonators closer and/or better design of the coils to increase the flux linkage) and (2) reduction of the self resistors r ii or, in another words, the increase of the resonators Q factors. It is worth noting that the absence of the r n is intrinsic to the scheme shown in Fig. 1(a) .
In the following, we will show that unlike inductive resonant coupling, the transfer impedance Z 21 of SCR and DR2SCR schemes can have both real and imaginary parts. By proper design, the r n and x n factors can be simultaneously increased resulting in an enhancement of FOM and the transfer efficiency.
III. SCR AND DR2SCR CONFIGURATIONS AND MODES
An SCR consists of two separate conducting cylindrical halves as shown in Fig. 2(a) . Unlike coupled resonators, both halves need to be present to sustain the resonant modes. In other words, the modes are due to the SCR as a whole and are not considered to result from the interaction of the two separate subsystems. The exact excited modes depend on the system geometry, dimensions, the excitation and how it couples to the modes profiles. The rather complicated set of modes allows Z 21 to be complex.
In the limit where the distance between the two halves d → 0, the structure forms a cylindrical cavity. Hence, the SCR modes can be visualized as perturbed cylindrical cavity modes. The flanges extending in the lateral direction form a radial two parallel plates waveguide. As long as the distance d is smaller than the cut-off frequency of the waveguide, the fields of the resonant modes are evanescent and stay localized inside the structure. The waveguide has a T E 10 dominant mode with a cut off frequency f cut = c/2d.
The source is fed via a coaxial probe from one end, where it couples the input power to the SCR modes via a coupling loop. Two DRs can be inserted in the SCR. Due to the interaction of the DRs and SCR modes, efficient power transfer can be achieved as was theoretically demonstrated in Ref. [11] and shown below via simulations and measurements. The excited modes intercept the receiving coil, which pumps energy to the load connected to the output coaxial cable.
Generally speaking, at any given frequency, the fields inside the SCR (and DRs, if present) are the superposition of the excited modes. As the input frequency approaches the frequency of a particular mode (or pole), the fields of that given mode become dominant, provided it is efficiently coupled to the excitation loops. The exact full-wave analysis can be quiet complex. Fortunately for our purpose, a grey box model is sufficient for determining the system behaviour and calculating the efficiency under optimal conditions. From measurements or full-wave simulations, the system is excited via the VNA or wave-ports which have a given characteristic impedance Z 0 , usually 50 Ω, as shown in Fig. 2(b) . Once the scattering parameters are captured, the full information of the two port network is obtained. Optimal values such as the maximum efficiency, maximum power transfer and optimal load values can be calculated [12] - [14] .
On the other hand, understanding the modes behaviours and their interactions is essential in relating the terminal characteristics to their root causes. Therefore, we identify the excited modes and potential interactions via full-wave simulations. Hence, a grey box (in contrast to black or white box approaches) can be considered as a compromise that serves the purpose of understanding such complex system, where multi-modes are excited.
It is worth to briefly illustrate how optimal conditions are calculated from the two port representation. For a detailed discussion and derivations, the reader can refer to Refs. [12] - [15] . As a first step, the network is represented via its Z parameters that provide a convenient mean for expressing the system efficiency η in terms of the two port characteristics and load impedance. To find the optimal efficiency for the given network (Z is held fixed), the derivative of the efficiency w.r.t the load impedance Z L is set to zero and the optimal load is determined. In general, the optimal load is complex. Additionally, it can be shown that, still under the maximum efficiency condition, the power delivered to the load can be maximized whenever the network parameters satisfy
An arbitrary network does not necessarily satisfy the above condition. However by inserting a series reactive element X c to x 11 or the input port (refer to Fig. 1)(b) ), the condition is satisfied. The reactive element acts like a compensator (and hence the c subscript) that absorbs no power, but is necessary for maximizing the power delivered to the network and load.
If one is interested in maximizing the power transfer to the load rather than maximizing efficiency, similar steps can be taken to calculate the optimal load and corresponding efficiency. It is important to point out that the condition of maximum efficiency does not imply maximum power transferred to the load or vice versa. In fact, as will be seen later in Section IV, the higher the efficiency is, the less the power transferred to the load.
A. Empty Split Cavity Resonator
The SCR, shown in Fig. 2(a) , is simulated using HFSS (Ansys®, Electromagnetic Suite, 2016). The dimensions are given in the Figure. The structure is excited via an ideal coaxial cable that is connected to a current loop. The current loop enables T E 0mn modes to be efficiently excited, however other modes can couple to the source as well. Fig. 3 (a) presents the magnitude of the simulated S 11 and S 21 parameters. The dips in the S 11 represent the excited modes as highlighted in the Figure. Inspecting the field profile of the second mode reveals that it is an HEM mode. The 4 th is a T E 012 mode with a frequency f T E012 = 2.34 GHz. This mode has a very high Q; in fact, the eigenmode solution predicts its Q ∼ 10, 000.
Due to its extremely narrow bandwidth, exciting the mode may be challenging. Nevertheless, the T E 012 mode strongly couples with DRs T E 01δ modes, as will be shown in the next subsection. In the axial direction, the fields has two nulls (hence the mode is described by two half wavelengths in the axial direction, Fig. 3(b) ). When d = 7 cm, f cut = 2.143 GHz. Although f TE012 > f cut , the fields of the T E 012 do not propagate through the radial waveguide since its field profile does not match the waveguide T E 10 mode profile.
By inspecting the S 11 and S 21 , the transfer efficiency, when the termination resistance is 50 Ω, can be calculated as
It is important to note, however, that the efficiency given by (4)is not the maximum efficiency of the system; it is merely the efficiency when the load is fixed to 50 Ω. 
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B. SCR with Dielectric Resonators
Two DRs of r = 25 and tan δ = 0.002 (Q = 500) are inserted in the SCR. They are supported by a low loss/low r foam and placed close to the coupling loops to enable the excitation of their T E 01δ modes. The DRs dimensions were chosen such that the T E 01δ mode has a resonance frequency of ≈ 2.3 GHz and, therefore, can strongly couple with the SCR T E 012 mode. Fig. 4 shows the simulated results compared to the case when the SCR was empty. Due to the high r value, the SCR frequencies between 2 − 2.2 GHz are shifted down. At the vicinity of 2.3 GHz, three modes are clearly visible in the spectrum. The SCR T E 012 and two DRs T E 01δ interact, resulting in three coupled modes [11] , [16] . Very close to the T E 012 frequency, appears the non-bonding mode, which does not have an SCR component. The Q of the nonbonding mode is lower than that of the T E 012 mode, resulting in a wider bandwidth in |S 11 | and |S 21 |. The bonding (antibonding) mode is formed at a frequency lower (higher) than the non-bonding mode.
The coupling between the modes results in a significant change in the fields profile. Fig. 4(c) shows the magnetic field profile at the non-bonding frequency. Although, the field shows a trend similar to the fields of the SCR T E 012 mode, it is qualitatively different. The magnetic field H z along the axial direction verifies that the fields are solely due to the DR modes with no sinusoidal components coming from the SCR modes. Similar behaviour was previously observed and studied using coupled mode theory, when the DRs interacted with the SCR T E 011 mode, which is not excited in the current configuration as it its frequency (f T E011 ≈ 1.85 GHz) is different from the DR T E 01δ modes (f T E01δ ≈ 2.32 GHz).
IV. MEASUREMENTS
The SCR was fabricated from a low profile material as shown in Fig. 5 . The DRs are cut from a 1 inch cylindrical rod of r = 25 ± 10% and tan δ < 0.002 (Eccostock ® HIK500F). The DRs are supported in place via a low r foam, shown in the Figure. Coupling to energy source and load is provided via miniature loops, centred with the DRs to excite the T E 01δ modes.
The measured S 11 and S 21 , with the separation distance d = 7 cm, are reported in Fig. 6 . There is a good agreement between measurement and simulation. The dips in |S 11 |, however, are shifted up in frequency; this can be attributed to mismatch in dimensions and separation distance between the two halves. Additionally, the uncertainty in r of the DRs and the supporting structure contribute to the slight discrepancy. It is worth noting too that the simulated SMA connectors were assumed to be ideal. Nevertheless, the measured parameters clearly show the different modes, which correlate with simulation results.
For the SCR measurement, the dip of the T E 012 was missed during the VNA frequency sweep cycle. This is due to the very high Q value of the mode; emphasizing the difficulty of relying on the mode for WPT, regardless of its high Q value. However, more desirable effects can be harnessed when the DRs are included; as shown in Figs. 6(c) and (d) . Indeed, in the DR2SCR configuration, the interaction of the of the DRs with the SCR are clearly observed in the measured spectra. The FOM is calculated from the Z parameters using (2) as shown in Fig. 7 . As the Fig. clearly shows, the FOM is significantly enhanced when the DRs are inserted. As expected, it attains its maximum in the vicinity of the T E 012 as expected due to the interaction of the T E 012 mode with the DRs T E 01δ modes. Moreover, Fig. 8 shows the contribution of r n and x n to the net FOM. Please note that r 21 is negative at some frequency ranges. This may seem non-physical and violates the passivity condition. We digress here to show that r 21 can be negative. Firstly, z 21 represents transfer impedance, not a driving point impedance. Secondly, passivity expressed in terms of the Z parameters is equivalent to saying that the real of the Z, R ≡ (Z) is non-negative (positive semi-) definite or x † Rx ≥ 0, where x † is the Hermitian transpose of x. One important network that can result in negative r 21 is the symmetric lattice shown in Fig. 9 . Whenever
It is interesting to point out that for the SCR only case, the magnitude of x n is roughly double that of r n . Both r n and x n changes rapidly near 2.3-2.4 GHz, possibly peaking at the T E 012 , which was not captured in the measurement. For the DR2SCR case, the situation becomes more interesting. The magnitude of x n roughly increased three folds due to the modal interaction between the DRs and the SCR, which is Frequency (GHz) Frequency (GHz) Symmetric lattice, to demonstrate the possibility of having negative r 21 using physical elements.
of (2) very small and hence reinforce the increase in FOM. For this particular configuration, however, the x n approaches zero as r n approaches -1. Nevertheless, the net effect of r n and x n results in a peak of FOM in the vicinity of the T E 012 mode. The two degrees of freedom offered by the possibility of controlling both r n and x n , provides insight on how to enhance the performance of WPT systems; this is to be compared to inductive resonant coupling, where only one tunable parameter x n is possible. It is important to note that x n and r n are not fully independent and strongly depend on the physical realizability of the network. For instance, x 21 and r 21 are always related by the Kramers-Kroning relations [17] . The efficiency is calculated for three different cases: (1) 50 Ω termination-the efficiency-calculated directly from the VNA measurements, (2) the maximum efficiency and (3) the efficiency when maximum power is absorbed by the load. As Fig. 10 (a) shows, the efficiency can wildly change over the frequency range of interest for the three cases. The maximum efficiency goes to around 0.7 in the vicinity of the T E 012 mode. As was already discussed at the frequency range, the modes behaviours are mainly due to the interaction between the DRs and SCR T E 012 modes. Therefore, it is expected that if a lower tan δ DRs are used, the efficiency can be further improved. Additionally, significant losses are expected to be attributed to the low profile connector and the foam supporting the DRs. Fig. 10 (b) demonstrates that the optimal load impedance for maximum efficiency and maximum power transfer are generally not the same, in agreement with the theoretical predictions [12] . The compensator reactive element required at 2.3 GHz is found to be ∼ 30 Ω or equivalently an inductor of inductance ∼ 2 − 3 nH. As was previously shown based on the theoretical analysis of two port networks, the efficiency at maximum load power is less than the maximum efficiency. Hence, to deliver more power to the load (i.e, operating the source near its rating value), the efficiency drops. Conversely at maximum efficiency, the actual power absorbed by the load is a fraction of the maximum power that can be delivered. Fig. 11 illustrates this inverse relation. For instance at around 2.3 GHz, the power at maximum efficiency P e to the maximum power that can potentially be delivered to the load P p is ≈ 0.05.
Finally, Fig. 12 show the maximum efficiency of the DR2SCR compared to the SCR. Regardless of the DRs added losses due to their tan δ, the DRs have improved the performance, particularly when they strongly interact with the SCR T E 012 mode as was previously discussed. From a circuit theory point of view, the DR2SCR configuration allows a simultaneous change of both the real and imaginary parts of Z 21 , which in turn improves the FOM.
V. CONCLUSION
A Wireless Power Transfer system based on the interaction of DRs and a multi-moded SCR has been proposed. Due to the complexity of the structure, a circuit based approach has been employed to study the system performance. It is shown that such configuration, unlike conventional inductive resonant coupling, offers the possibility of controlling both the real and imaginary parts of the transfer impedance Z 21 . This in turn has resulted in a significant improvement of the system figure of merit and efficiency.
